Introduction
The severe bleeding disorder hemophilia is an X-linked genetic disease caused by absence of functional blood coagulation factor VIII (F.VIII, hemophilia A) or factor IX (F.IX, hemophilia B). Conventional treatment of hemophilia is based on intravenous infusion of coagulation factor concentrate (plasma-derived or recombinant), which, if performed in response to a bleed instead of prophylactically, is suboptimal due to the relatively short half-life of the clotting factor in the circulation. One of the most serious risks of any treatment based on factor replacement therapy is an immune response against the coagulation factor in the form of neutralizing antibody formation. 1, 2 As is evident from the recent initiation of several clinical trials, hemophilia has been a promising experimental model for treatment of genetic diseases by systemic delivery of a secreted transgene product. [3] [4] [5] There are several large and small animal models available, and several cell types can produce biologically active coagulation factors. Furthermore, sustained expression of Ͼ1% immunity, anti-hF.IX titers diminished to undetectable levels after i.v. administration of Ad-hF.IX. Lymphocytes from mice that had received Ad-hF.IX i.v. failed to proliferate when stimulated with hF.IX in vitro after the animals had been repeatedly challenged with hF.IX protein formulated in complete Freund's adjuvant. Thus, absence of anti-hF.IX in C57BL/6 mice after i.v. injection of Ad vector is not due to ignorance to the foreign transgene product. Similar experiments in other strains showed that immune tolerance to hF.IX does not correlate with the strain haplotype or expression of IL-10 cytokine. Given the well-documented immunogenicity of the first-generation adenoviral vector, data from C57BL/6 mice may therefore grossly underestimate immunological consequences in certain gene therapy protocols. Gene Therapy (2001) 8, 354-361.
of normal clotting factor levels would ameliorate the phenotype of a patient with severe disease, and tight regulation of expression is not required. F.VIII and F.IX circulate as inactive zymogens until the coagulation cascade is initiated, so that over-expression above normal levels may be safe. These features led to the development of adenoviral (ad) vectors for high levels of primarily liver-derived expression of F.VIII and F.IX following intravenous (i.v.) infusion of vector. Expression in mice, hemophilic dogs, and nonhuman primates was generally short-lived due to acute phase and adoptive inflammatory immune responses, induction of adenovirus-specific cytotoxic T lymphocytes (CTL), antibody formation against the transgene product, and (dose-limiting) hepatotoxicity, which make the vector unappealing for clinical trials. [6] [7] [8] [9] [10] Additionally, repeat administration of the vector is prevented by formation of neutralizing antibodies against the viral capsid. 11 Interestingly, it has been found that reduced vector doses not only reduce hepatotoxicity, but also result in sustained expression of high levels of human F.VIII or F.IX in C57BL/6 mice. 12, 13 Consequently, this strain of immunocompetent mice was extensively used for efficacy studies, particularly because the mice did not develop an antibody response against human coagulation factors, while antibody formation was often prevalent in other strains. Moreover, i.v. injection of adenoviral vectors was successful in conferring sustained complete phenotypic correction of the hemophilic phenotype in hemophilia A and B mice on a C57BL/6 genetic background. 12, 13 It is puzzling that introduction of a human transgene product results in long-term expression in normal and in knock out mice deficient for F.VIII or F.IX using a vector that is well-characterized for its immunogenicity. 14, 15 Recent studies have shown that hemophilic C57BL/6 mice are not tolerant to human coagulation factors, since they rapidly develop high titer antibodies against human F.VIII or F.IX when these proteins are introduced as intravenously infused protein concentrates or when the vector is injected intramuscularly (i.m.). 16, 17 Additionally, data with a ␤-galactosidase transgene product showed that cellular immune responses against adenoviral vector backbone proteins may be sufficient to eliminate transgene expression within 1 month in mice transgenic, and therefore tolerant to ␤-galactosidase. 15 It is thus unclear how long-term expression of coagulation factor IX is achieved in C57BL/6 following systemic delivery of adenoviral vector.
In this study, we demonstrate that i.v. injection of a first generation adenoviral vector results in a state of tolerance to human F.IX in C57BL/6 mice. Tolerized animals can then be challenged with F.IX in different immunogenic settings without eliciting an anti-hF.IX response. These results are not reproducible in other strains (or other species), and do not appear to be linked to the haplotype or expression of the potentially tolerogenic cytokine IL-10. Thus, C57BL/6 mice have a unique tolerance mechanism that limits this strain as a model for development of pre-clinical studies of immune responses for intravenous administration of adenoviral, and possibly other vectors.
Results
Lack of anti-human F.IX in C57BL/6 mice that received i.v. injection of adenoviral vector As demonstrated earlier by our laboratory, 12 C57BL/6 mice that received i.v. injection of a first generation adenoviral vector for expression of human F.IX (hF.IX) from the CMV IE enhancer/promoter gave high levels of systemic F.IX expression without detectable antibody response against human F.IX (Figure 1a and b) . Antigen levels in the circulation declined over 6-8 months from 1-1.5 g/ml to 100-200 ng/ml ( Figure 1 and data not shown) without detectable anti-hF.IX. When C57BL/6 mice are injected i.m. with AAV or adenoviral vector, the animals without exception developed anti-hF.IX by day 14 after vector administration. 17 However, when the mice that had received adenoviral vector i.v. were challenged by an i.m. injection of AAV vector encoding hF.IX at week 8 of the experiment, there was no reduction in hF.IX antigen levels, nor were antibodies against hF.IX detected when assayed at weeks 12, 16 or later time-points ( Figure  1a and b, and data not shown).
Humoral immune responses against human F.IX are overcome by i.v. injection of adenoviral vector in C57BL/6 mice Naive C57BL/6 injected i.m. with AAV vector developed anti-hF.IX as shown previously 17, 18 and in Figure 1 .
Gene Therapy
Because of this humoral immune response, the mice do not show systemic expression of hF.IX, while transduced muscle fibers are not eliminated due to a lack of a cellular immune response. 17, 18 As shown previously, the mice developed high titer IgG1 and to a lesser extent IgG2c and IgG2b responses against hF.IX (Figure 1d and data not shown). When these mice received adenoviral vector i.v. (week 8), high levels of hF.IX antigen were measured at weeks 12 and 16 comparable to those observed for naive mice that had received the adenoviral vector (Figure 1c) . Anti-hF.IX levels were undetectable at week 12 and later time-points, while control mice that had received the i.m. injection of AAV vector, but not the i.v. injection of adenovirus, continued to produce anti-hF.IX (Figure 1d ). Figure 1 shows elimination of IgG1 antihF.IX after i.v. administration of the adenoviral vector. Results were identical for the other IgG subclasses (data not shown).
Absence of anti-hF.IX is not linked to MHC haplotype C57BL/6 mice (haplotype H-2 b ) lack MHC class II allele IE, and may therefore have some deficiency in humoral immune responses. However, when mice of another strain (FBV) with the same haplotype, and therefore the same lack of the IE allele, were injected i.v. with the adenoviral vector, they developed IgG1, IgG2a and IgG2b anti-hF.IX by day 14 resulting in a rapid decline of systemic hF.IX expression ( Figure 2 and data not shown).
Formation or absence of anti-hF.IX in BALB/c or C57BL/6 mice does not correlate with expression of IL-10 The cytokine IL-10 has been implicated in down-regulation of immune responses and induction of T cell anergy leading to antigen-specific tolerance. To test whether differences in levels or regulation of expression of IL-10 in different strains of mice may be implicated in induction of tolerance to hF.IX, we performed i.v. injections of the adenoviral vector in C57BL/6 and BALB/c mice which were either wild-type or IL-10 deficient. 19 BALB/c mice (haplotype H-2 K ) had been shown by others to produce anti-hF.IX following i.v. injection of adenoviral vector. 20 As shown in Figure 3 , both normal and IL-10-deficient C57BL/6 mice produce high systemic levels of hF.IX without detectable antibody formation ( Figure 3c and data not shown). In contrast, normal and IL-10 deficient BALB/c mice synthesized IgG1, IgG2a, and IgG2b anti-hF.IX by day 14 after vector administration, thereby blocking systemic expression efficiently ( Figure 3d and data not shown). Thus, there is no evidence of involvement of IL-10 expression in tolerance to hF.IX.
Lack of hF.IX-specific T cell proliferation in C57BL/6 mice that had received i.v. injection of adenoviral vector C57BL/6 mice (n = 3) that had received adenoviral vector via the i.v. route were challenged twice by subcutaneous injection of hF.IX protein formulated in complete Freund's adjuvant (cFA) 5-6 months after adenoviral vector administration. The injections were 1 month apart, and the animals did not show anti-hF.IX as measure by ELISA up to 2 weeks after the last boost with hF.IX/cFA (data not shown). Subsequently, the mice were killed and in vitro proliferation of lymphocytes in response to hF.IX antigen was assessed. C57BL/6 that had received i.m. injection of the adenoviral vector (but not cFA) were analyzed in parallel. As documented in Table 1 , no evidence for T lymphocyte proliferation was obtained for mice that were i.v. injected with adenoviral vector, despite the repeated boost with hF.IX antigen in cFA, while i.m. injected mice showed mild proliferation with a stimulation index of 2-3.5.
Figure 1 Systemic levels of hF.IX expression (a, b) and production of IgG1 anti-hF.IX (c, d) in C57BL/6 mice as a function of time. Mice were injected i.v. with ad-hF.IX vector at day 0 followed by i.m. injection of AAV-hF.IX during week 8 (a and c, n = 3) or injected i.m. with AAV-hF.IX vector at day 0 followed by i.v. injection of ad-hF.IX during week 8 (b and d, n = 4). Human F.IX antigen levels were determined by ELISA, and anti-hF.IX concentrations were measured by

Discussion
Previously published data from our and other laboratories have shown that i.v. infusion of a first generation ad vector leads to sustained, high levels of systemic expression of human F.IX in C57BL/6 mice. 12, 20 Gene transfer occurs primarily to the liver, but also to other tissues such as spleen, lung, and heart muscle. 11, 21 Michou et al 20 have shown that F.IX expression is prolonged in C56BL/6 mice despite activation of adenovirus-specific CTLs, which are measurable in vitro. The authors demonstrated absence of anti-hF.IX in this strain, whereas other strains of mice rapidly developed antihF.IX. Similar results were seen in F.IX-deficient (hemophilia B) C57BL/6 mice. 12 This lack of humoral immune response against F.IX can therefore not be explained by sequence similarity of human and murine F.IX. Hemophilic C57BL/6 mice, however, show strong, T cell-dependent anti-hF.IX responses when challenged with i.v. injection of F.IX protein (the conventional treatment for hemophilia patients) or i.m. injection of the vector (Fields et al 17 and this study). The latter causes hF.IXspecific CTL and inflammatory responses that eliminate transgene expression in muscle. 17 Our results demonstrate that C57BL/6 mice are not tolerant to human F.IX, but rather are rendered tolerant following i.v. injection of ad-hF.IX vector.
Since tolerized mice can be repeatedly challenged with F.IX in different immunogenic settings, and since mice with pre-existing antibodies against F.IX become tolerant after i.v. injection of ad-hF.IX, tolerance to the transgene product cannot be explained by ignorance, ie lack of reactive T cells or inadequate presentation of the F.IX antigen. Rather, tolerance may be achieved by an anergy or clonal deletion mechanism. This interpretation is supported by lack of T cell proliferation in tolerized mice that were challenged with F.IX formulated in complete FA. To our surprise, infusion of the adenoviral vector in mice with anti-hF.IX did not cause a boost of the antibody titer or anaphylactic reactions, but on the contrary down-regulated the immune response to undetectable levels of anti-hF.IX within 2 weeks. We cannot rule out the presence of antibody-antigen complexes in these mice that masked the detection of anti-hF.IX following adenovirus-derived expression of F.IX. However, antibody responses were still undetectable several months after ad vector administration, when F.IX antigen levels had declined (data not shown).
Work by other investigators has shown that i.v. infusion of an adenoviral vector expressing ␤-galactosidase in mice transgenic and therefore tolerant to ␤-galactosidase results in only transient expression of the transgene in hepatocytes due to CTL responses against adenoviral proteins encoded by the vector. However, depending on the dose of vector and the mouse strain, immunogenicity of the transgene product may be an important determinant for the severity of cellular immune responses. 13, 20, 22 A recent study with an adenoviral vector expressing a human ␣ 1 -antitrypsin transgene has demonstrated that expression can be prolonged when a hepatocyte-specific promoter is chosen, presumably because expression in antigen presenting cells is avoided. 23 Interestingly, we achieved tolerance to hF.IX in C57BL/6 mice by expression from the CMV IE enhancer/promoter, which expresses well in dendritic cells.
24
C57BL/6 is an inbred strain of mice (haplotype H-2 b ) that is deficient in the MHC class II allele IE, but can present peptides by MHC class II molecules encoded by the IA allele. Experiments by our laboratory and others have clearly demonstrated efficient T helper cell-dependent production of antibodies against coagulation factors Gene Therapy by C57BL/6 mice after i.v. infusion of protein or following i.m. injection of vector. 16, 17 Moreover, experiments in mice with the same haplotype (FBV mice) show that presence of the IA allele is sufficient for formation of antibodies against F.IX in the context of i.v. infusion of the adenoviral vector.
An alternative explanation for tolerance induction in the C57BL/6 may be a unique pattern of cytokine expression following systemic delivery of the viral vector. In particular, IL-10 has been documented to be involved in antigen-specific tolerance by its ability to down-regulate immune responses, including down-regulation of MHC class II expression and inhibition of production of inflammatory cytokines. 25 IL-10 is implicated in the negative regulation of T cells and induction of tolerance in CD4 + T cells. 26, 27 Expression of IL-10 in Kupffer cells, professional APCs in the liver, may serve as an autoregulatory mechanism for antigen presentation by liver antigen presenting cells. 28 It has been shown that Kupffer cells secrete IL-10 in response to endotoxin challenge and regulate local immune and inflammatory reactions in the liver sinusoid. We therefore hypothesized that regulation of IL-10 expression in the liver, the main target of gene transfer following i.v. injection of adenoviral vector, may play a role in tolerance or immunity against F.IX antigen. Our results, however, do not support involvement of IL-10 expression in tolerance to F.IX. IL-10-deficient C57BL/6 mice did not develop anti-hF.IX while IL-10-deficient BALB/c mice showed anti-hF.IX IgG by day 14 after i.v. infusion of adenoviral vector. These results were identical to those obtained with IL-10 expressing mice, and thus indicate that that expression of IL-10 is unlikely to be a requirement for F.IX-specific T cell anergy.
As is evident from Figures 1-3 , systemic levels of expression of hF.IX were measured during the first week after i.v. administration of adenoviral vector in FBV and BALB/c mice, although at lower levels than in C57BL/6 mice. This may be due to differences in the severity of cellular immune responses or it may reflect differences in the efficiency of gene transfer or expression in these strains of mice. Additionally, transgene expression from the CMV promoter in hepatocytes transduced by adenoviral vectors may be influenced by cytokine expression. 29 From the experiments presented here, we cannot rule out that the high level of transgene expression in C57BL/6 mice is important for tolerance to hF.IX in these animals. However, experiments performed by Michou et al 20 showed similar levels of hF.IX expression in C57BL/6 and other strains such as BALB/c, yet absence of anti-hF.IX was only observed in C57BL/6 mice. Genetic mapping based on hybrid mice may be a useful tool for identification of genes involved in tolerance in C57BL/6 versus immunity in BALB/c mice.
Introduction of a foreign antigen by implantation of hepatocytes expressing hepatitis B surface antigen into the spleen of C57BL/6 mice has been reported to result in translocation of these cells to the liver and induction of tolerance to this antigen. 30 Presentation of antigen expressed in the liver by hepatocytes may therefore be tolerogenic. However, this interpretation is likely not sufficient to explain the results obtained with the adenoviral vector in the study presented here. Besides the fact that the result is dramatically different in other strains of mice, the vector not only transduces other tissues, but moreover contains the CMV IE enhancer/promoter Gene Therapy which allows efficient transgene expression in dendritic cells. 24 The role of expression in APCs in the tolerance phenomenon described here remains unclear. Long-term expression of human F.IX has also been reported in normal and hemophilia B C57BL/6 mice after infusion of adeno-associated viral (AAV) vector into the portal vein for liver-directed expression. [31] [32] [33] Although F.IX expression in the AAV vectors was also achieved by a viral or a ubiquitous mammalian promoter, expression was likely more hepatocyte-restricted since dissemination of vector was more confined to the liver than with systemic delivery of adenoviral vector. Additionally, AAV is comparatively inefficient in transducing professional APCs. 17, 24 Snyder et al 33 showed the presence of antihuman F.IX antibodies in hemophilia B mice on a C57BL/6 background after portal vein infusion of AAV vector. These antibodies were detectable by Western blot, but did not neutralize systemic expression or activity of F.IX. The immune response against F.IX in liver-directed gene therapy with an AAV vector remains to be investigated for other strains of mice. Recent data show absence of humoral immunity against human F.IX in BALB/c mice following i.v. infusion of AAV vector. 34 Together, the data discussed here suggest that i.v. delivery of viral vectors resulting in gene expression confined to hepatocytes may be a more generally applicable approach for avoiding humoral immunity against a secreted transgene product. Additional experiments will have to address whether indeed immune tolerance was achieved in these experiments. Interestingly, with AAV, lentiviral, and gutted adenoviral vectors neutralizing anti-human F.VIII antibodies have been described following liver-directed gene transfer in C57BL/6 mice. [35] [36] [37] In parallel experiments with an identical lentiviral vector expressing hF.IX, no anti-hF.IX response was observed. 37 These data underscore the complexity of immune responses following viral gene transfer, which are likely influenced by the vector, route of administration/target tissue, promoter, and the particular antigen expressed. Follow-up studies may also reveal the influence of inflammation caused by potentially hepatotoxic vectors such as adenovirus and lentivirus on immune responses, an issue that may have to be addressed in models other than C57BL/6 mice. 38, 39 While i.v. infusion of the identical adenoviral vector used in this study results in long-term expression of human F.IX in hemophilia B mice on a C57BL/6 background, 12 i.v. infusion of hF.IX protein in the form of recombinant F.IX (used routinely for treatment of hemophilia B patients) efficiently induces antibody formation in the same strain of mice (data not shown). The infused mice developed high titer IgG1 anti-human F.IX after only two i.v. infusions of the protein. Therefore, in C57BL/6 mice i.v. administration of the highly immunogenic adenoviral vector appears less immunogenic than conventional, nongene-based treatment. Toxicity as a consequence of adenoviral gene transfer is linked to immune responses against adenoviral antigens, in particular inflammatory responses. An additional concern for treatment of hemophilia is the development of antibodies against the transgene-encoded coagulation factor, the most serious complication of the current protein treatment of hemophilia. Results obtained from canine models of hemophilia illustrate limitations in the extrapolation from results obtained with strains of inbred mice. Studies on adenoviral gene transfer of F.VIII or F.IX to the livers of nonhuman primates or hemophilic dogs demonstrated hepatotoxicity, inflammatory responses and humoral immune responses against the human or canine transgene products. 6, 7, 38 These studies show that the data presented here and in other studies based on C57BL/6 mice often cannot be extrapolated to other species. The mechanism of tolerance to F.IX by i.v. injection of adenoviral vector in C57BL/6 mice remains elusive, but illustrates the difficulty of extrapolation of results obtained in inbred strains of mice and highlights the importance of studies in other animal models.
Figure 3 Systemic levels of hF.IX expression (a, b) and production of IgG1 anti-hF.IX (c, d) in C57BL/6 (a, c) or BALB/c (b, d) mice as a function of time after i.v. administration of 4 × 10 10 ad-hF.IX particles per mouse. Each line represents an individual animal. Open symbols indicate normal mice (n = 3 per strain), solid symbols indicate IL-10 deficient mice (n = 3 per strain). Human F.IX antigen levels were determined by ELISA, and antihF.IX was measured by IgG subclass-specific ELISA.
Materials and methods
Viral vectors E1/E3-deleted adenoviral vector ad-hF.IX expressing human F.IX from the CMV enhancer/promoter was constructed as described. 11 The vector was replicated in HEK-293 cells and purified from cell lysate by two rounds of CsCl density gradient centrifugation using standard protocols. The vector has a total particles:p.f.u. ratio of 25:1 as determined by plaque assay.
11 AAV-CMVhF.IX-3 vector was manufactured by Avigen (Alameda, CA, USA). This vector was produced by triple transfection of HEK-293 cells in an adenovirus-free system, purified by two rounds of CsCl density gradient centrifugation, and titered by quantitative dot blot hybridization as described. 40 The three plasmids used in this production system include the AAV vector plasmid that contains the F.IX expression cassette flanked by AAV-2 145-bp ITRs; an adenoviral helper plasmid (expressing E2A, E4orf6, and VA genes) for replication of AAV in the absence of helper virus; and a third plasmid containing AAV-2 rep and cap functions. This plasmid has been engineered to eliminate the potential for formation of pseudo wild-type AAV, which is undetectable in vector preparations by infectious center assay with a limit of detection of 1 in 10 9 viral particles. 41 Purity of AAV vector
Gene Therapy preparations was addressed by silver staining and Western blotting of viral proteins separated by SDS-PAGE as described. 40 The human F.IX transgene in the AAV vector is also under transcriptional control of the CMV enhancer/promoter, and contains a portion of intron I of the human F.IX gene for increased levels of expression. 18, 13, 42 Animal experiments Male inbred C57BL/6 and BALB/c mice were purchased from Jackson Laboratories (Bar Harbor, ME, USA). Male FBV mice were obtained from Charles River Breeding Laboratories (Wilmington, MA, USA). IL-10-deficient mice on a C57BL/6 or BALB/c background (4-week-old male mice) were maintained at the University of Pennsylvania School of Veterinary Medicine. 19 Normal C57BL/6 mice (6 weeks old, 20-25 g) were injected with either adhFIX (i.v., tail vein injections) or AAV-CMVhFIX-3 (i.m.) at a dose of 4 × 10 10 vector particles per animal using techniques described earlier. 11, 18 i.m. injections were at two sites of one hind limb. After 8 weeks, the vectorinjected mice (n = 3-4 per cohort) then received a second injection of the other vector via a different route of administration, ie ad-hFIX i.v. injected mice received AAV-CMV-hFIX-3 i.m., and AAV-CMV-hF.IX-3 i.m. injected mice received ad-hFIX i.v. Mice were subsequently bled retro-orbitally on a biweekly schedule using micro-capillary tubes, in order to obtain plasma samples for measurement of human F.IX antigen and anti-hF.IX antibodies. FBV (n = 4), and IL-10-deficient mice (n = 3 per genetic background) received ad-hF.IX vector i.v. (4 × 10 10 particles per mouse). These mice were bled at days 0, 7 and 14 after injection, and biweekly thereafter. Normal BALB/c and C57BL/6 mice (n = 3 per background) were injected in identical fashion as controls. Hemophilia B mice with a large gene deletion (resulting in absence of F.IX transcript and antigen) on a C57BL/6 background 12 (n = 3) received two i.v. injections (2 weeks apart, via tail vein) of 2 g recombinant human F.IX (Benefix; Genetics Institute, Cambridge, MA, USA).
Measurement of human F.IX antigen and anti-hF.IX Human F.IX antigen in plasma samples of mice was measured by ELISA as described. 11 This assay does not detect murine F.IX. Antibodies against human F.IX were detected in plasma samples (1:32 dilution) by IgG subclass-specific ELISA (Boehringer Mannheim, Indianapolis, IN, USA), and quantitated using purified mouse IgG1, IgG2a, and IgG2b (Sigma Chemical Company, St Louis, MO, USA) as described.
17 C57BL/6 mice express IgG2c instead of the homologous IgG2a immunoglobulin.
Lymphocyte proliferation assay C57BL/6 mice that had received i.v. injections of ad-hF.IX were challenged twice by subcutaneous injection of 2 g of recombinant human F.IX formulated in complete Freund's adjuvant (FA) 4 and 5 months after adenoviral vector administration. Two weeks later, mice were killed, and their spleens isolated for bulk culture of splenocytes as described. 17 Additionally, naive C57BL/6 mice were i.m. injected with 4 × 10 10 particles of ad-hF.IX as described. 17 These mice were killed 8 months after vector administration. Cells (triplicates of 10 5 cells per well in 96-well plates) were incubated with two-fold serial dilutions of human F.IX starting from 10 g/ml. Controls were mock-stimulated cells (media only) and cells nonspecifically stimulated with concanavalin A. Lymphocyte culture media and conditions were as described. 17 After 5 days of culture, lymphocytes were labeled with 3 H-thymidine for 8 h. Thymidine up-take was measured with a scintillation counter. The stimulation index (SI) was calculated as the ratio of thymidine up-take in F.IXstimulated versus mock-stimulated lymphocytes.
